The Fission Product Extraction (FPEX) Process is being developed as part of the United States Department of Energy Advanced Fuel Cycle Initiative for the simultaneous separation of cesium (Cs) and strontium (Sr) from spent light water reactor (LWR) fuel. Separation of the Cs and Sr will reduce the shortterm heat load in a geological repository, and when combined with the separation of americium (Am) and curium (Cm), could increase the capacity of the geological repository by a factor of approximately 100. The FPEX process is based on two highly specific extractants: 4,4 ,(5 )-Di-(t-butyldicyclo-hexano)-18-crown-6 (DtBuCH18C6) and Calix[4]arene-bis-(tertoctylbenzo-crown-6) (BOBCalixC6). The DtBuCH18C6 extractant is selective for strontium and the BOBCalixC6 extractant is selective for cesium. Results of flowsheet testing of the FPEX process with a simulated feed solution in 3.3-cm centrifugal contactors are detailed. Removal efficiencies, distribution coefficient data, coextraction of metals, and process hydrodynamic performance are discussed along with recommendations for future flowsheet testing with actual spent nuclear fuel.
INTRODUCTION
As part of the Advanced Fuel Cycle Initiative (AFCI), the reduction in volume and heat generation of spent nuclear fuel requiring geologic disposal is currently being addressed [1] . The goal is to optimize utilization of the nation's first repository and potentially reduce or eliminate the need for additional repositories. This goal can be achieved through separating long-lived, highly toxic elements; reducing highlevel waste volumes and the toxicity of spent nuclear fuel; and reducing the heat generation of spent nuclear fuel. The Idaho National Laboratory (INL) is working closely with a team of national laboratories and other organizations to support development of these separations processes.
Key to the reduction of short-term heat load in a geological repository is the separation of 137 Cs and 90 Sr. Removing these highly radioactive fission products reduces the short-term (~100 yr) heat-generation source of the spent nuclear fuel. Once separated, the Cs and Sr would be placed in storage until the activity has decayed to low-level waste (LLW) levels, at which time it could potentially be disposed of as a non-transuranic (TRU) LLW.
To support development of this separations process, technologies for simultaneouly separating Cs and Sr from dissolved spent nuclear fuel are being developed. In previous work, Cs and Sr have been removed from acidic nuclear waste solutions and related alkaline wastes using separate solventextraction processes designed specifically for these elements. In general, crown ethers have been selected to remove strontium, [2 -4] , and calixarenes [5 -10] have been selected for separating cesium. A novel process is being developed at INL that combines these two types of extractants to constitute a solvent that will extract both cesium and strontium from acidic media, simultaneously. This technology, the Fission Product Extraction (FPEX) Process, utilizes 4,4',(5')-di-(tbutyldicyclohexano)-18-crown-6 (DtBuCH18C6) for the extraction of Sr, calix [4] arene-bis-(tert-octylbenzo-crown-6) (BOBCalixC6) for the extraction of Cs, 1-(2,2,3,3-tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2-propanol (Cs-7SB) as a modifier, TOA (trioctylamine) and an Isopar ® L diluent. Initial development of the FPEX process at INL began in FY-04 [11] . Results from this initial testing were promising. Further testing was performed in FY-05 and FY-06.
Process goals for separating Cs and Sr from the spent LWR fuel require 99.9% removal. Additionally, the TRU content of the Cs/Sr product must be less than 100 nCi/g so that this waste stream will be classified as a non-TRU LLW once the 137 Cs and 90 Sr decay. This requires a decontamination factor of approximately 1E+05 to 1E+06, depending on the fuel composition and preceding separation processes, for the TRU from the Cs/Sr product. Laboratory testing indicates that the FPEX process can effectively separate Cs and Sr from acidic solutions containing large quantities of actinides and lanthanides, such as spent LWR fuel [11] . It should be noted that there are issues relative to the stability of the BOBCalixC6. Due to the alkyl substituent on the benzyl moiety of the BOBCalixC6, the benzyl ring is activated towards nitration. While nitration of the BOBCalixC6 does not severely impact the measured Cs distribution ratios, the products of the nitration of BOBCalixC6 are less soluble in the organic solvent. This further exacerbates the limited BOBCalixC6 solubility in the process solvent. An effort is underway to develop a more stable calixarene for the extraction of Cs. However; the scope of this flowsheet testing was to evaluate the performance of the FPEX process with the BOBCalixC6 Cs extractant. ® L. The simulant compositions used in this testing are based on a typical composition expected for leaching of spent LWR fuel with nitric acid. It was also assumed that the UREX process for the separation of uranium (U) and technetium (Tc) from the spent LWR would precede this process; therefore, the simulant used did not contain U.
Analytical measurement of the radioactive tracers used in this testing ( 241 Am, 154 Eu, 137 Cs, and 85 Sr) was performed using gamma spectroscopy. Concentrations of stable (nonradioactive) metals were determined by inductively coupled plasma mass spectrometry (ICP-MS). Stable metals in the organic phase were analyzed by destruction of the organic, followed by ICP-MS analysis.
RESULTS AND DISCUSSION
Flowsheet testing of the FPEX process for separating Cs and Sr from dissolved LWR fuel was performed using a series of 3.3-cm diameter centrifugal contactors and simulated feed solution (see Fig. 1 ). The FPEX solvent used for the flowsheet testing contained BOBCalixC6 (Cs extractant), DtBuCH18C6 (Sr extractant), Cs-7SB Modifier and TOA in Isopar-L. The flowsheet shown in Fig. 2 was used for testing and was designed to meet the requirements of removing >99.9% Cs and Sr l and leaving < 100 nCi/g TRU contamination in the Cs/Sr strip product solution. The flowsheet testing consisted of approximately two hours of startup, including the initiation of feed flows and filling of contactor stages, followed by 270 minutes of operation with feed simulant. The solvent was recycled during testing for a total of 2.6 solvent turnovers within the 24 stages of contactors. Samples of each of the effluent streams were taken every 30 minutes and immediately prior to shutdown. After shutdown, liquid phases from the stages were drained into individual bottles and the two phases sampled.
The percentages of Cs, Sr, and the lanthanides in the effluent streams at the time of shutdown are shown in Table I . The removal efficiencies were >99.99% and >99.98% for Cs and Sr, respectively. Greater than 99.98% of the barium (Ba) and Sr, distribution coefficients ranged from 2.9 to 4.6. Stable Cs distribution coefficients were not determined due to difficulties analyzing the organic phase samples. However, 137 Cs results in the extraction section ranged from 6.7 to 9.3. Extraction distribution coefficients ranged from 2.9 to 4.4 for Ba and from 3.5 to 4.9 for Rb. Strip distribution coefficients for Cs and Sr were as expected; approximately 0.25 for Cs and 0.007 for Sr.
To get an idea of how much TRU would be extracted with this flowsheet, 241 Am and 154 Eu were spiked into the stage samples, re-equilibrated, sampled and analyzed. Extraction distribution coefficients for Am ranged from <0.009 to <0.04 and for Eu ranged from <0.001 to <0.004. In all cases, activities in the organic phase were below analytical detection limits so actual distribution coefficients are not known. These low distribution coefficients indicate that the amount of TRU extracted with this flowsheet would be very small; however, testing with actual spent nuclear fuel will be required to verify that the Cs/Sr strip product is non-TRU.
CONCLUSIONS
An FPEX flowsheet has been successfully demonstrated with spent LWR fuel simulant. Hydraulic performance of the process was excellent. Removal efficiencies of >99.99 and >99.98% were obtained for Cs and Sr, respectively. These results exceeded the process goals of 99.9% separation. Additionally, distribution coefficients for Am and Eu were very low indicating little of the TRU should be extracted with this flowsheet. Flowsheet testing with actual spent fuel is recommended to verify these results. Development of alternative calixarenes for the extraction of Cs are also recommended to increase the solubility and stability of the calixarene during long-term operation.
